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SecM in Escherichia coli has two functionally crucial regions. The arrest motif near the C-terminus
interacts with the ribosomal exit tunnel to arrest its own translational elongation. The signal
sequence at the N-terminus directs the SecM nascent polypeptide to the Sec-mediated export path-
way to release the arrested state of translation. Here, we addressed the importance of the central
region of SecM. Characterization of internal substitution and deletion mutants revealed that a seg-
ment from residue 100 to residue 109 is required for the export-coupled release of the SecM nascent
chain from the elongation-arrested state. Thus, the central region of SecM is not just a geometric
linker but it participates actively in the regulation of translation arrest.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Protein localization to the bacterial cell envelope involves total
or partial translocation of newly synthesized proteins across the
cytoplasmic membrane. Signal peptides direct preproteins to the
SecYEG translocon for the transmembrane movement, which is
driven by the SecA translocation ATPase [1,2]. The expression level
of SecA is feedback controlled by the cellular activities of protein
export, such that it is upregulated in response to a defect in the
Sec pathway [3]. In Escherichia coli, SecM plays a key role in this
regulation [4–6]. It is encoded by an open reading frame of 170
codons located upstream of secA [7,8]. Translation of secM
undergoes elongation arrest [5,6] in such a way that the nascent
peptidyl-glycyl165-tRNA resides in the P-site and Prolyl166-tRNA
resides in the A-site of the ribosome [9]. The nascent SecM poly-
peptide interacts with the components of the ribosomal exit tunnel
[6], leading to transpeptidation-incompatible conﬁgurations of the
ribosomal peptidyl transferase center as well as of the P-site pep-
tidyl-tRNA and the A-site prolyl-tRNA [10,11]. Several amino acid
residues of SecM, including Pro166 and Arg163, are required for
the elongation arrest [6,12], although Pro166 is actually not incor-
porated into a polypeptide in the arrested translation complex [9].
The stalled ribosome prevents the intergenic region of the secM–
secA mRNA from forming a stem-loop structure that sequestersthe translation initiation (Shine-Dalgarno) sequence of secA [13],
hence allowing de novo initiation of translation of secA. Thus, the
translation level of secA correlates positively with the duration of
the SecM translation arrest [5,14,15]. Importantly, arrested transla-
tion resumes when the SecM nascent chain engages in the Sec-
mediated export process [5,6]. This ‘‘arrest release’’ process
appears to be triggered by physical force of export that is applied
to the nascent chain [16–18].
SecM represents a peculiar protein that functions in its nascent,
ribosome-tethered state. The full-length SecM, which is rapidly
degraded in the periplasm, is thought to be devoid of any function
[5], raising a question about the role of its main body ﬂanked by
the signal and the arrest sequences. Here, we addressed this
question and found that a segment of residues 100–109 plays an
important role in the export-coupled arrest release.2. Results
2.1. Stability of SecM translation arrest
The transient translation arrest of SecM in export-proﬁcient
E. coli cells is required for the basal level expression of SecA [15].
We assessed the rate of the arrest release in wild-type cells at
37 C. To avoid the rapid proteolysis of the mature form of SecM
by the C-terminal-tail-speciﬁc protease, Prc, [5], we attached the
Flag-tag to its C-terminus (Fig. S1). SecM-Flag was induced brieﬂy,
Table 1
SecM variants examined.
Abbreviated name Amino acid alterations introduced
into SecM-Flag
Plasmid
name
WT None pKN1
Sub(40–69) Residues 40–69 replaced with
LacZ(301–330)
pKN2
Sub(70–99) Residues 70–99 replaced with
LacZ(301–330)
pKN3
Sub(100–129) Residues 100–129 replaced with
LacZ(301–330)
pKN4
Sub(90–99) Residues 90–99 replaced with
LacZ(301–310)
pKN117
Sub(100–109) Residues 100–109 replaced with
LacZ(301–310)
pKN118
Sub(110–119) Residues 110–119 replaced with
LacZ(301–310)
pKN119
D(90–99) Residues 90–99 deleted pKN10
D(100–109) Residues 100–109 deleted pKN11
D(110–119) Residues 110–119 deleted pKN12
D(120–129) Residues 120–129 deleted pKN13
D(130–139) Residues 130–139 deleted pKN14
Pro166Ala Pro166Ala pKN5
Pro166Ala Sub(100–129) Pro166Ala, residues 100–129
replaced with LacZ(301–330)
pKN8
Pro166Ala D(100–109) Pro166Ala, residues 100–109
deleted
pKN15
K. Nakamori et al. / FEBS Letters 588 (2014) 3098–3103 3099pulse-labeled with [35S]methionine for 0.5 min and isolated by
anti-SecM immunoprecipitation. SDS–polyacrylamide gel electro-
phoresis revealed three radioactive bands, A, P and M (Fig. 1A).
Band A represents the polypeptide moiety of the arrested
SecM1–165-tRNA. Although the material that gave this band had
been linked to a tRNA in vivo [5], the ester linkage between the
polypeptide and tRNA was hydrolyzed during immunoprecipita-
tion and electrophoresis [9,19]. During a chase with unlabeled
methionine, the band A intensity declined with a concomitant
increase in that of band M, which represented the signal-peptide
processed mature form of SecM. This conversion takes place
through the full-length precursor protein (band P), in which signal
peptide processing only occurs after the arrest release (H. Muto, H.
Mori, Y. Akiyama and K. Ito, unpublished results). The intensity
decrease of band A during chase indicated that the half life of the
arrested product of SecM-Flag was 60 s (Fig. 1A; Fig. S2, WT).
2.2. Alterations of the SecM central part affect arrest release
The mature sequence of SecM starts at Ala38 (Fig. S1) [8]. We
constructed a series of substitution mutants of SecM-Flag, referred
to as Sub(40–69), Sub(70–99) and Sub(100–129), in which the
indicated SecM segments were replaced with an unrelated amino1 2 3 4 5 6
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Fig. 1. Pulse-chase labeling of SecM-Flag and its variants with a 30 residues
substitution in the central part. E. coli cells expressing SecM-Flag (A) and its
Sub(40–69) (B), Sub(70–99) (C) and Sub(100–129) (D) derivatives were pulse-
labeled with [35S]methionine for 0.5 min at 37 C (lane 1), followed by chase with
unlabeled methionine for 1 (lane 2), 2 (lane 3), 3 (lane 4), 4 (lane 5) and 5 (lane 6)
min. Radioactive SecM-Flag polypeptides were isolated by immunoprecipitation,
using anti-SecM antibodies, and separated by SDS–polyacrylamide gel electropho-
resis into three species; A, P and M. Band A represents the polypeptide moiety of the
elongation-arrested SecM peptidyl-glycyl-tRNA. Band P represents the full-length
SecM secretory precursor retaining the signal peptide. Band M represents the
signal-peptide processed mature form of SecM.acid sequence derived from LacZ (Fig. S1; Table 1). Pulse-chase
experiments (Fig. 1) showed that the arrest band was markedly
stabilized in Sub(100–129) (Fig. 1D); the half life of the arrest
product was increased at least twofold (Fig. S2). Sub(40–69) also
produced a somewhat stabilized arrest product (Fig. 1B). The arrest
product of Sub(70–99) appeared to be destabilized (Fig. 1C; note
that this variant lacks Met97 such that its mature form is invisible).
These results suggest that the central region of SecM plays some
role in the regulation of the elongation arrest.
To gain further insights into the role of the central region of
SecM, we introduced 10 residue-deletions starting from residue
90 (D(90–99)), residue 100 (D(100–109)), residue 110 (D(110–
119)), residue 120 (D(120–129)) and residue 130 (D(130–139))
(Fig. 2). Among the ﬁve mutant proteins tested, the arrest band
of D(100–109) uniquely persisted up to the 5 min chase period
tested (Fig. 2B, lane 6) and its half life was estimated to be
180 s (Fig. 2; Fig. S3). The other deletion mutants were normal
in stability of the arrest products. These results show that the seg-
ment 100–109 of SecM is required for the efﬁcient arrest release.
This was substantiated by constructing and analyzing SecM-Flag
derivatives, in which segments 90–99, 100–109 and 110–119 were
replaced with residues 301–310 of LacZ (Fig. 3). Pulse chase anal-
ysis showed that the Sub(100–109) mutation stabilized the arrest
product of SecM (Fig. 3B). By contrast, neither the Sub(90–99)
nor the Sub(110–119) mutation impaired the arrest release
(Fig. 3A and C); the former somewhat accelerated it.
Given the evidence that the segment 100–109 is involved in the
arrest release of SecM, we mutated each of the 10 residues to
alanine, except for Ala105 that was mutated to Ser. None of the
mutants showed a defect in the arrest release as strongly as
D(100–109) or Sub(100–109) (Fig. S4). It is suggested that this seg-
ment as a whole contributes to the efﬁcient arrest release of SecM
in export-proﬁcient cells in a manner that a single substitution is
tolerated.
2.3. Segment 100–109 of SecM is not intrinsically required for the
export competence
Engagement of the SecM nascent polypeptide in the SecA-
SecYEG-mediated export across the membrane is a prerequisite
for its release from the elongation-arrested state [5,6]. Therefore,
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Fig. 2. Pulse-chase labeling of internal deletion variants of SecM-Flag. E. coli cells
expressing the D(90–99) (A), D(100–109) (B), D(110–119) (C), D(120–129) (D) and
D(130–139) (E) derivatives of SecM-Flag were subjected to pulse-chase analysis as
in Fig. 1.
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Fig. 3. Pulse-chase labeling of SecM-Flag variants having a 10 residues substitution
in the segment of residues 90–119. E. coli cells expressing Sub(90–99) (A), Sub(100–
109) (B) and Sub(110–119) (C) were subjected to pulse-chase analysis as in Fig. 1.
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Fig. 4. Pulse-chase labeling of arrest-defective forms of SecM-Flag. E. coli cells,
expressing an arrest-defective Pro166Ala mutant of SecM-Flag (A) and its deriv-
atives having additional Sub(100–129) (B) and D(100–109) (C) mutations, were
subjected to pulse-chase analysis as in Fig. 1. (D) Time dependence of signal peptide
processing. Proportion of the intensity of the mature form (Band M) in that of the
sum of precursor and mature forms of SecM (A + M) was calculated for (A–C).
Values were corrected for the methionine contents of the precursor (three
methionines) and the mature (one methionine) forms, and plotted against chase
times. Solid circles, SecM(P166A)-Flag; triangles, SecM(P166A)Sub(100–129);
squares, SecM(P166A)D(100–109).
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or Sub(100–109) could be a secondary consequence of a loss of
export competence of the mutant form of SecM. Paradoxically,
export and arrest release are mutually interdependent, making it
impossible to discriminate between an export defect and an arrest
release defect. To overcome this difﬁculty, we introduced an
arrest-eliminating mutation, Pro166Ala [6,9], into the wild-type
SecM-Flag as well as into the Sub(100–129) and D(100–109) vari-
ants. We assessed export competence of these mutant proteinsfrom the rates of signal peptide processing. Pulse-chase measure-
ments of the proportions of the mature (M) form in the labeled
SecM species showed that the signal peptide-processing rate did
not differ signiﬁcantly among the three proteins examined
(Fig. 4). These results suggest that segment 100–109 has an indis-
pensable role in the arrest release mechanism of SecM, rather than
in export across the membrane.
2.4. The D(100–109) mutation does not affect elongation arrest or its
stability in vitro
We next examined possible effects of the D(100–109) mutation
on in vitro translation of SecM, which is uncoupled from any pro-
tein localization pathways. In vitro synthesis of SecM and the
D(100–109) derivative using the PURE system reaction mixture
[20] yielded predominantly the arrest product at the time point
of 30 min after the reaction start (Fig. 5, lane 1). Further incubation
in the presence of excess unlabeled methionine led to a gradual
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Fig. 5. In vitro synthesis of SecM and SecM D(100–109). Coupled transcription–
translation in vitro, using PURE system, was directed by the secM template (A) and
the secMD (100–109) template (B). Reactions in the presence of [35S]methionine
were allowed at 37 C for 30 min, at which an excess concentration of unlabeled L-
methionine was added (shown by arrows) and incubations continued thereafter.
Samples were withdrawn at indicated time points, treated with RNase A and
separated by SDS–polyacrylamide gel electrophoresis. A and F indicate the
polypeptide moiety of the arrested peptidyl-tRNA and the full-length SecM protein,
respectively. (C) Stability of the elongation-arrested states. Intensities of band A
radioactivity in (A) and (B) are plotted against incubation times. Reported are values
in two independent experiments, relative to the observed maximum intensity (set
as 100) in each experiment. The identity of the band between A and F is unknown,
but could represent slow elongation that was recently proposed to occur in SecM
translation beyond Pro166 in a single molecule translation experiment [21].
K. Nakamori et al. / FEBS Letters 588 (2014) 3098–3103 3101decrease of the radioactive arrest product (Fig. 5A and B, lanes
2–6). Similar spontaneous and slow arrest release was observed
previously in vitro [9]. The resumed in vitro translation could still
be slow [21] and accompanied by the production of the full-length
polypeptide as well as an intermediate band (Fig. 5A and B, lanes
4–6). Importantly, stability of the arrest product did not evidently
differ between the wild-type and the D(100–109) SecM (Fig. 5C).
The results that the D(100–109) mutation did not affect the prop-
erties of SecM under the export-uncoupled reaction conditions
suggest that the mutational alteration impedes speciﬁcally the
export-coupled and rapid arrest release in vivo. We conclude that
segment 100–109 of SecM has a hitherto unrecognized role in
the regulation of translation arrest.
3. Discussion
SecM, a remarkable regulatory nascent polypeptide [22,23], car-
ries out two elementary functions: (i) elongation arrest through
interactions between the C-terminally located arrest motif andthe ribosomal components and (ii) release of the arrest triggered
by the engagement of the nascent chain in export across the cyto-
plasmic membrane through interactions of its signal sequence and
the Sec machinery. To understand how these two elementary
processes are integrated to constitute the export-monitoring
regulatory system [15], we addressed the functional importance
of the central region of SecM. Our results show that the segment
of residues 100–109 has a role in the ability of SecM to cancel
the elongation arrest in a manner coupled with export of the
nascent SecM polypeptide. Whereas the efﬁciency of the export-
coupled arrest release in vivo was decreased by the deletion and
the substitution of segment 100–109, such mutations did not impair
the export of the arrest-defective variant. Also, they did not affect
translation arrest or its slow, spontaneous release in vitro. These
results indicate that the mutational alterations of segment 100–
109 impair speciﬁcally the export-coupled arrest release. Thus, the
central region of SecM is not simply a linker that connects the two
functional units of this polypeptide. Instead, it contains an integral
element of the export-coupled arrest release mechanism.
The nascent SecM polypeptide assumes a distinct conﬁguration
within the ribosomal exit tunnel, involving several points of
contact between them. The ultimate result is the formation of
non-productive conﬁgurations of the peptidyl transferase center,
the peptidyl-glycyl-tRNA and the prolyl-tRNA [10,11]. It is believed
that engagement of the SecM nascent chain in Sec-mediated trans-
location results in some alteration in the nascent chain-exit tunnel
interactions, leading to the resumption of the active conformations
of the translation complex [11]. Probably, a pulling force of Sec
translocation triggers the arrest release events [11,16]. Yap and
Bernstein proposed that such an arrest release-provoking physical
force be applied in the right timing with respect to the synthesis of
the arrest peptide [17]. They reported that shortening the central
region impaired the arrest release and interpreted the results in
terms of the premature synthesis of the arrest peptide. However,
the internal deletion mutants they examined lacked the residues
100–109. Therefore, the lack of an arrest release in their mutants
could have been due to the lack of the release-participating 100–
109 segment. Although our results do not exclude the importance
of appropriate spacing between the signal sequence and the arrest
motif, they show clearly that a speciﬁc sequence of amino acid
residues at the position of residues100–109 is crucial for the
export-coupled arrest cancellation.
The arrest motif of SecM has been used for creating ribosome-
nascent chain complexes having deﬁned lengths of nascent poly-
peptides in vivo [24–26]. Robust elongation arrest was achieved
even when the arrest motif was placed at 70-residues down-
stream of the ‘‘co-translational’’ signal sequence from DsbA
[26,27]. Interpretation of this construct in terms of the Yap–
Bernstein model is complicated because an arrest release-disfavor-
ing short linker was combined with an arrest release-favoring class
of signal peptide. We suggest that the absence of the amino acid
sequence corresponding to the residues 100–109 has accounted
at least partly for the robust elongation arrest observed with the
chimeric construct [26,27].
SecM appears to be late-evolved and occurs only in the c-prote-
obacterial orders Enterobacteriales and Pasteurellales [28]. Interest-
ingly, counterparts of segment 100–109 are only found in the
former. The Pasteurellales type of SecM homologs is shorter than
the E. coli SecM by 60 residues, lacks a segment 100–109 equiv-
alent and has an arrest motif that is more potent than that of the
E. coli SecM in halting translation [12]. Therefore, this combination
is also paradoxical with respect to the Yap–Bernstein model [17]
although it is still possible that some other segment in Pasteurellales
SecM facilitates the arrest release.
The exit tunnel is about 80 Å long and can accommodate a
polypeptide segment of 23 (extended) to 53 (a-helical) amino acid
3102 K. Nakamori et al. / FEBS Letters 588 (2014) 3098–3103residues, commonly of 30–40 residues [29]. This indicates that the
residue 109 of SecM, which is 57 residues away from the A-site,
resides outside the ribosome. According to a secondary structure
prediction program (PSIPRED, http://bioinf.cs.ucl.ac.uk/psipred/),
the residue 100–109 segment is largely disordered with its
C-terminal half having a probability of helix formation (Fig. S5).
If any factor binds to this segment, such a factor may also be forced
to contact the closely located ribosome and may create a steric
constraint (Fig. S5), a source of an arrest-release-triggering physi-
cal force. Indeed, it was reported that placement of a hydrophobic
stretch into the SecM region that is in the immediate proximity to
the ribosomal exit port (30–40 residues upstream of the peptidyl
transferase center) can elicit an arrest-release as the hydrophobic
stretch is going to be inserted into the translocon and the mem-
brane [18]. The location of segment 100–109 just upstream of this
critical region may be suitable for the coordinated actions of the
Sec machinery and the ribosome. We propose that segment
100–109 be called ‘‘release mediator’’ (Fig. S5). The observation
that SecA binds to the ribosomes and with higher afﬁnity to those
bearing the nascent SecM polypeptide [30] seems to raise the pos-
sibility that SecA interacts with the release mediator region to
release elongation arrest. At any rate, we have shown here that
the central region of SecM is not just a geometric linker, but it
actively participates in the regulation of translational arrest. The
observations that some mutations at a region upstream of segment
100–109 accelerate the arrest release or impair elongation arrest
(Figs. 1C and 3A) deserve further investigations. A study of MifM
shows that an arrest sequence can be combined with different
classes of protein targeting sequences to form a hybrid regulatory
nascent chain that can monitor cellular activity of protein localiza-
tion that is different from the original process [31]. Nevertheless,
fully physiological regulation could require another module
located near the ribosomal boundary.
4. Materials and methods
4.1. An E. coli strain and plasmids encoding SecM derivatives
E. coli strain CU141 (F0 lacIq lacPL8 lacZ+ lacY+ lacA+/araD139
D(argF-lac)U169 rpsL150 relA1 ﬂbB5301 deoC1 ptsF25 rbsR) [32]
was used as a host for expression of SecM derivatives. We attached
the Flag sequence to all the SecM derivatives to stabilize their
mature forms in the periplasmic space (Fig. S1). The secM-ﬂag
DNA fragment was cloned into pUC118 between its SacI and SphI
sites such that transcription was under the control of the lac oper-
ator/promoter on the plasmid. Mutations were introduced as
described by Sawano and Miyawaki [33] using appropriated muta-
genic primers. For DNA manipulations, polymerase chain reactions
and restriction enzymes were used according to the standard pro-
tocols. We veriﬁed all the constructs by nucleotide sequencing.
Table 1 summarizes the SecM constructs used in this study.
4.2. Analysis of SecM biosynthesis by pulse-chase labeling
E. coli cells, carrying one of the SecM-Flag-expressing plasmids,
were grown at 37 C in minimum medium M9 [34] without added
CaCl2 and supplemented with 20 lg/ml each of 18 amino acids
(other than methionine and cysteine), 0.4% glycerol and ampicillin
(50 lg/ml). At an early exponential phase (A660, 0.3), the expres-
sion of the secM-ﬂag derivative was induced with isopropyl-
b-D-thiogalactopyranoside (1 mM) and adenosine 30,50-cyclic
monophosphate (4 mM) for 10 min. Cells were then pulse-labeled
with 3.7 KBq/ml of [35S]methionine (37 TBq/mmol) for 0.5 min.
Chase was initiated by adding unlabeled L-methionine (ﬁnal
concentration, 200 lg/ml). At indicated time points, samples werewithdrawn and mixed with an equal volume of 10% trichloroacetic
acid to stop any biochemical reaction, to break cells, and to precip-
itate cellular proteins, which were processed for anti-SecM immu-
noprecipitation essentially as described previously [5,35], using
protein A-Sepharose 4 Fast Flow (GE Healthcare) as immunoadsor-
bents. Labeled SecM polypeptides were separated by SDS–PAGE
(Laemmli system with a pH 8.8 gel buffer) [36] and visualized/
quantiﬁed by a phosphorimager FLA7000 (GE Healthcare). Rabbit
antibodies against SecM had been prepared against SecM syn-
thetic polypeptides [5]. Note that tRNA was removed from arrested
peptidyl-tRNA species during the courses of immunoprecipitation
and electrophoresis due to high pH-induced hydrolysis of pepti-
dyl-tRNA ester bonds [19].
4.3. In vitro translation of SecM
Coupled in vitro transcription–translation of secM derivatives
was carried out using the PURE system reaction mixture (Classic
II Standard provided by Post Genome Institute) [20]. Template
DNA was prepared by two-step polymerase chain reactions. The
ﬁrst polymerase chain reaction used an upstream primer 50-AAGG
AGATATACCAATGAGTGGAATACTGACGCGC-30 (underlined is the
initiation codon of secM, which was changed from GTG to ATG)
and a downstream primer 50-AATATGCATGCTTATTTGTCGTCGTCGT
CTTTATAGTCGGTGAGGCGTTGAGGGCCAG-30 (underlined is the
sequence complementary to the termination codon of secM-ﬂag).
Either pKN1 or pKN11 was used as a template. The second poly-
merase chain reaction used the universal primer provided by
the manufacturer and the same downstream primer as above.
Transcription/translation reactions at 37 C were started by add-
ing the template and [35S]methionine. After 30 min, unlabeled
L-methionine (ﬁnal concentration, 1 mM) was added to follow
stability of the products. Samples were withdrawn at indicated
time points, treated with 100 lg RNase A per ml at 37 C for
30 min in SDS sample buffer and separated by SDS polyacrylamide
gel electrophoresis. We included the RNase treatment to ensure
complete removal of tRNA.
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